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Genes to Cells CHO et al. et al., 2004) . A number of APN/Apn receptors, AdipoR1, AdipoR2 and T-cadherin, have been identified (Hug et al., 2004; Yamauchi, Kamon, Ito, et al., 2003a) . AdipoR1 expression is ubiquitous, whereas AdipoR2 expression is tissue specific to the liver irrespective of integral membrane proteins with highly similar sequences. Plasma APN/Apn exerts receptor-mediated anti-aging effects on several tissues such as the liver, heart, pancreatic beta cells, kidney, muscle and in many other cell types.
Plasma APN/Apn has pleiotropic functions in many tissues and conditions. APN/Apn suppresses hepatic gluconeogenesis, promotes insulin sensitization and improves whole-body energy homeostasis (Achari & Jain, 2017) .
Imbalanced production of APN/Apn contributes to the pathogenesis of obesity-linked metabolic and cardiovascular diseases. Obesity-linked metabolic diseases are associated with a number of pathological events by inhibiting inflammation, suppressing cell death and enhancing cell survival.
To explore Apn loss-of-function, Apn-deficient mice were generated by deletion of all three exons and the 5'-untranslated region of Apn (Nawrocki et al., 2006) , deletion of exon 2 and 3 of Apn (Kubota et al., 2002) or deletion of only exon 2 (Maeda et al., 2002) . All mice were viable and fertile, which shows that Apn is dispensable for normal development. However, Apn-null mice develop metabolic syndromes including obesity, hyperglycemia, hypertension (Ouchi et al., 2003) , liver fibrosis and injury (Matsumoto et al., 2006) , heart defects (Liao et al., 2005) and kidney defects (Jin, Chen, Hu, Chan, & Wang, 2013) . Plasma Apn maintains normal metabolism by controlling obesity-related events.
To explore Apn gain of function, tissue-specific and ubiquitous over-expression of Apn was examined using transgenic (Tg) mouse lines. For tissue-specific over-expression, exogenous Apn driven by the adipose-specific enhancer/promoter of the aP2 gene delivered moderate levels of excess expression in Tg mice (aP2-Apn Tg mice; Combs et al., 2004) . The aP2-Apn Tg mice exhibited unusual features including expansion of the interscapular region and bilateral exophthalmia (Combs et al., 2004) , an autologous regulatory feedback loop in Apn regulation (Bauche et al., 2006) , and impaired adipocyte differentiation (Bauche et al., 2007) . Another tissue-specific promoter used for making Apn Tg mice was the human serum amyloid P (SAP) specific to the liver (SAPApn Tg mice). SAP-Apn Tg mice exhibited altered protection against atherosclerosis (Yamauchi, Kamon, Waki, et al., 2003b) and prevention of premature death by a high-calorie diet (Otabe et al., 2007) . Ubiquitous over-expression of Apn in Tg mice using the cytomegalovirus (CMV) minimal promoter (CMV-Apn Tg mice) were produced, but could not be established as a Tg line because of fertility problems (Combs et al., 2004) . In mice, an increase in plasma Apn is inversely associated with obesity and insulin resistance, which significantly prolongs life span in vivo (Otabe et al., 2007) . However, it is unclear why mortality or sterility occurs in Tg mice ubiquitously over-expressing Apn based on the known functions of plasma Apn.
In this study, we found that Doxycycline (Dox)-inducible over-expressed APN/Apn resulted in cell death in human intermediately reprogrammed stem (iRS) and mouse embryonic stem (ES) cells in which APN/Apn accumulated in the nucleus. Nucleus-localized (Nu) APN/Apn was characterized by a monomer form in iRS/ES cells in contrast with multimer forms of cytoplasm-localized (Cy) APN/Apn in adipocytes. Monomer Nu APN/Apn was the N-terminal-truncated form. Expression microarray analysis showed expression changes of caspase-independent but not dependent genes by 
Heart
Lung Tail Dox-inducible APN over-expression. Comparative qPCR analyses between Dox (−) and Dox (+) iRS cells showed significant upregulation of AIFM2 (apoptosis-inducing factor, mitochondrion-associated 2) and MEG3 (maternally expressed gene 3) and down-regulation of miR-214-3p, which are involved in caspase-independent apoptosis in association with APN over-expression. Adiponectin over-expression-induced cell death was rescued by the treatment with miR-214-3p mimic in company with down-regulation of AIFM2 expression. Nu APN/Apn likely controls cell survival through microRNA-mediated post-transcription regulation, cell-cell interactions and chromatin remodeling.
| RESULTS

| Nuclear localization of Apn in somatic and germ cells
Apn is an adipokine abundantly secreted from adipose tissue, but low expression of Apn is observed in other tissues (Sun et al., 2009) . Expression of Apn protein was detected in all tissues examined by immunostaining with an antibody recognizing the globular domain of Apn (Ct1; Figure 1a ). Positive Apn antibody signals were found in the nucleus and cytoplasm of primary cultured cells from the heart, lung and tail tip, in contrast with their cytoplasmic localization in preadipocytes. To examine whether Apn was expressed in germ cells, male and female primordial germ cells (PGCs) collected from 12.5 dpc embryos of Oct4-GFP transgenic mice were immunostained. Male somatic nuclei and female early meiotic nuclei were all positive for Apn (Figure 1b) . These data showed that a low level of Apn was localized in the nucleus or cytoplasm of somatic and germ cells compared with adipose cells in which highly expressed Apn accumulated in the cytoplasm. Expression of mouse Apn in adipocytes is several hundreds to a thousand times higher than expression of Apn in other cells (GEO accession number: GSE10246).
| Inducible over-expression of APN in mouse embryonic fibroblasts
To examine Nu and Cy Apn in mouse embryonic fibroblasts (MEFs), heterogeneous primary cultured cells from 12.5 dpc embryos were immunostained with anti-Apn antibody (Ct1; Figure 2a ). Some MEFs had a Nu-type, and others had a Cytype. Approximately equal numbers of Nu (52%) and Cytype (48%) cells were observed. We were unable to clarify which cell type exhibited the Nu pattern.
To explore the effects of differentially localized Apn, the Dox-inducible human APN gene was introduced into MEFs by lentivirus-mediated transduction (Figure 2b, upper) . Overexpression of human APN was detected by the signal intensity of immunoreaction with the Ct1 antibody in Dox (+) compared with Dox (−; Figure 2b , left panels). Selective cell loss was observed 48 hr after Dox (1 μg/ml) treatment ( Figure  2b , right). Cell death was significantly higher in MEFs with Figure S1 ). Thus, the detrimental effects of over-expressed APN on survival were more obvious in Nu-type cells than in Cy-type cells.
| Nuclear localization of Apn in mouse ES cells
To explore clonal cell lines exhibiting nuclear localization of Apn, mouse ES cells, which are blastocyst-derived pluripotent stem cells, were examined. Apn transcription was detected by RT-PCR in mouse ES cells (Figure 3a) . Immunostaining with the Ct1 antibody showed that Apn protein was localized in the nuclei of ES cells as the Nu-type Apn ( Figure  3a ). Localization of Apn in ES cell nuclei was verified with another anti-APN/Apn antibody (Ct2) recognizing the C-terminal globular domain ( Figure 1a ; Supporting Information Figure S2 ). Western blot analyses with the Ct1 antibody in a native state (non-reduced) showed a 30-kDa band with protein from ES cells (Dox (−)), regardless of higher molecular bands of multimer protein complexes from adipose tissue as previously reported (Schraw, Wang, Halberg, Hawkins, & Scherer, 2008 ; Figure 3b ). Apn protein in ES cell nuclei was in a monomer protein form in contrast with the multimer forms in the cytoplasm of adipose tissue. Nuclear localization of Apn protein was reconfirmed by Western blot hybridization analyses with ES cell protein separated from the nucleus and cytoplasm (Figure 3b ).
| Inducible over-expression of APN in mouse ES cells
To produce a Dox-inducible human APN over-expression system, a single plasmid containing the regulatory and operator elements in which the PGK promoter-driven APN gene was Dox-dependently activated (Figure 3c , upper) was electroporated into mouse ES cells. First, clones resistant to puromycin treatment were expanded as candidate clones. Second, positive clones were selected based on the response to Dox treatment. Increases in APN expression were Dox dose-dependent (Figure 3c , middle). Consistent with the RT-PCR analysis, a Dox-inducible increase in APN protein was detected by Western blot hybridization (Figure 3b ). To investigate the effects of APN over-expression on Nutype ES cells, the number of surviving cells was compared between cultures with or without Dox. Cells were subcultured for 12 hr after the beginning of Dox treatment. The number of surviving cells decreased significantly 24-36 hr after Dox administration (Figure 3c , lower). The viability and pluripotency of surviving ES cells were analyzed by alkaline phosphatase staining (Figure 3d ). The number of alkaline phosphatase-positive cells was significantly decreased as a consequence of over-expression of APN induced by Dox treatment.
| Nuclear localization of APN in human pluripotent stem cells
To investigate the effects of APN over-expression in human cells, APN expression and protein localization were examined in iPS cells and iRS cells, which are pre-iPS cells capable of resuming reprogramming processes into iPS cells by responding to stimuli given by changes in culture conditions (Teshigawara, Hirano, Nagata, Ainscough, & Tada, 2016) . The iRS cell clones are uniformly DsRed positive, and iRS cell-derived iPS cell clones are DsRed negative (Teshigawara et al., 2016) 
| Inducible over-expression of APN in human iRS cells
The same construct used for mouse ES cells (Figure 3c , upper) was introduced by electroporation into iRS cells. After drug selection with puromycin, clones responsive to Dox treatment were selected as positive. A dose-dependent Dox increase in human APN was confirmed by upper) . Consistent with this, APN protein about four times increased in the iRS cells 24 hr after Dox (2 μg/ ml) treatment (Figure 4b ).
To examine whether cell death is induced by human APN over-expression in the human iRS clones, the number of surviving iRS cells was counted after culturing in the presence or absence of 2 μg/ml of Dox. Cells were subcultured for 12 hr after the beginning of Dox administration. The number of surviving cells significantly decreased to approximately 35% after culturing for 36 hr in the presence of Dox compared with that in the absence of Dox 
| Truncated protein form of nucleuslocalized APN
To understand the mechanisms involved in the transport of monomer APN protein from the cytoplasm to the nucleus, human iRS and mouse ES cells were immunostained with an antibody recognizing the human N-terminal hyper-variable region of APN (Nt1; Figure 5a , upper). The Nt1 antibody is reacted with human APN, but not mouse Apn (Supporting Information Figure S3 ). Expectedly, positive Nu Apn signals were detected with the Ct1 antibody, but not with the Nt1 antibody in mouse ES cells without human APN over-expression. Unexpectedly, even in human iRS cells without human APN over-expression, Nu APN signals were undetected with the Nt1 antibody, but detected by the Ct1 antibody (Figure 5a , lower panels). These data indicated that Nu APN was truncated by missing the Nt1 recognition site. To verify the truncation of Nu APN, Western blot hybridization analyses were carried out with the Ct1 and Nt1 antibodies. No 30-kDa APN band was detected with the Nt1 antibody in the nuclear fraction of human iRS over-expressing human APN, and mouse ES cells over-expressing human APN (Figure 5b , left panels). Re-hybridization of the same blot with the Ct1 antibody showed a 30-kDa band in human iRS cells over-expressing human APN and mouse ES cells over-expressing human APN (Figure 5b , left panels). Nucleus-localized APN was characterized by truncation with the N-terminal region (Supporting Information Figure S3 ). Reactivity of Nt1 to human APN was shown in the product data sheet with human serum APN as a positive control. Furthermore, intact Cy APN, but not truncated Nu APN, was positively reacted with Nt1 in MEFs over-expressing human APN ( Figure 5b , right panels; Supporting Information Figure S4 ). Truncated Nu APN/Apn was, however, detected with Ct1 in the same slide ( Figure 5b , right panels; Supporting Information Figure S4 ). Collectively, human and mouse Nu APN/Apn proteins formed truncated APN/Apn proteins missing the hyper-variable region and N-terminal signal peptide.
| Function of nucleus-localized APN
To predict the molecular function of nuclear APN, genome-wide gene expression changes between Dox (−) and Dox (+) iRS cells were analyzed using a human Affymetrix GeneChip microarray system. A Dox-dependent increase of APN was detected by RT-PCR before the genome-wide gene expression analysis (Figure 6a ). Comparative analysis showed similar gene expression profiles between Dox (−) and Dox (+) iRS cells as indicated by an R 2 = 0.9696 (Figure 6a ). For the relative value of Dox (+) to Dox (−), 1,043 genes had more than 1.5 times a higher expression level, and 610 genes had less than 1.5 times a lower expression level. Pathway enrichment analysis showed statistically significant differences between Dox (−) and Dox (+) states in post-transcriptional silencing by small RNAs by Reactome, post-translational regulation of the adherens junction by NCI-Nature and chromatin remodeling by hSWI/SNF by BioCarta (Figure 6b ). These results indicated that Nu adiponectin played a role in microRNA-mediated post-transcription regulation, cell-cell interactions and chromatin remodeling.
| Apoptotic cell death by APN overexpression
In the comparative transcriptome analyses between Dox (−) and Dox (+) iRS cells, expression changes of caspase-independent apoptosis-associated genes, AIFM2 and MEG3, were significant, but no significant change of caspase-dependent apoptosis-related genes, BAX, BCL2, CASPASE-3 and CASPASE-9, were showed ( Figure 6c ). To verify these findings, comparative qPCR analyses between Dox (−) and Dox (+) iRS cells were carried out. The expression level of AIFM2 and MEG3 significantly increased in Dox (+) iRS cells (Figure 6d ). Furthermore, miR-214-3p, which is a microRNA inversely associated with MEG3 in a post-transcriptional manner (Fan et al., 2017) , significantly decreased in Dox (+) iRS cells as detected by miRNA qPCR analyses (Figure 6d) . No significant change of miR-214-5p between Dox (−) and Dox (+) iRS cells was detected (Supporting Information Figure S5 ). To verify direct relationship between APN over-expression and AIFM2-mediated cell death, rescue experiments were carried out by the treatment with miR-214-3p mimic (Figure 6e ). The number of cells was counted at 0 and 24 hr after Dox treatment, and RNA was extracted from cells 24 hr after Dox treatment (Figure 6e, lower) . miR-214 mimic transfection induced significant increase of survival rate of APN-over-expressing iRS cells as a consequence of down-regulation of AIFM2 expression. Thus, the MEG3/ miR-214/AIFM2 pathway worked on apoptotic cell death in APN-over-expressed iRS cells (Figure 6f ).
| DISCUSSION
Here, we showed that intracellular APN/Apn was differentially localized in a Nu or Cy-type in primary culture from embryos and various somatic tissues and localized to the nucleus in mouse ES cells and human iPS and iRS cells. In human iRS and mouse ES cells, Nu APN/Apn existed as a monomer in contrast with its multimer forms observed in Cytype adipose cells. The monomer APN/Apn showed a truncated form missing the hyper-variable region and N-terminal peptide. Dox-inducible over-expression of APN induced cell death in human iRS and mouse ES cells. Comparative genome-wide gene expression analysis between Dox (−) and Dox (+) iRS cells showed caspase-independent apoptosis from APN over-expression. Caspase-independent apoptosis-related genes, AIFM2 and MEG3, were upregulated, and miR-214-3p was down-regulated by APN over-expression. Cell death by APN over-expression was rescued by miR-214-3p mimic transfection to iRS cells. Pathway enrichment analysis showed that the Nu APN/Apn may function in microRNA-mediated post-transcription regulation, cell-cell interactions and chromatin remodeling.
Aging, which is defined as a chronic decline in tissue function due to the decrease of physical resilience, is inevitable F I G U R E 5 Truncation of nucleus-localized adiponectin protein in human and mouse pluripotent stem cells. (a) Nuclear APN with the truncation of N-terminal region. Recognition sites in the variable region by the human N-terminal-specific antibody Nt1 (Supporting Information Figure S3 ), and the globular domain by the human and mouse C-terminal-specific antibodies Ct1 and Ct2 (upper panel). Cys36; multimerization site. Reaction of endogenous nuclear APN to N-and C-terminal-specific antibodies in human intermediately reprogrammed stem (iRS) and mouse embryonic stem (ES) cells by immunocytochemistry (lower panel). No reaction with humanspecific Nt1, and positive reaction with human/mouse-specific Ct1, in mouse ES cells was detected. Unexpectedly, negative reaction with Nt1, whereas positive reaction with Ct1 was showed in human iRS cells. Phase; phase contrast (cell morphology). APN (green) for immunoreactive cells. DAPI (blue) for nuclei. (b) Immunoreaction of nuclear APN to N-and C-terminal-specific antibodies (human-specific Nt1 and human/mouse-specific Ct1, respectively) in human iRS and mouse ES cells over-expressing human APN. No band was detected by Western blot hybridization with the N-terminal antibody (Nt1). With the same blot after signal-stripped, the C-terminal antibody (Ct1) showed a band specific to monomer APN (left panels). Nuclear APN protein was obtained 24 hr after 2 μg/ml Dox administration. Nt1 antibody was immunocytochemically reacted with human intact APN (as a positive control), which was localized in the cytoplasm (Cy; green), but not reacted with human truncated APN, which was localized in the nucleus (Nu) of MEFs over-expressing human APN. Ct1 antibody was reacted both with Nu and Cy-localized APN/Apn (red; right panels; Supporting Information Figure S4 ). Scale bars: 50 μm in (a), 50 μm in DAPI of (b), and 10 μm in Nt1 and Ct1 of (b) & Rando, 2012). Aging is, at least in part, explained by the chronic decline of youth factors over time. Plasma Apn, an adipokine circulating throughout the body in the blood, is a candidate youth factor. Plasma Apn has a crucial role in the promotion of insulin sensitization and improves whole-body energy homeostasis (Schraw et al., 2008) . The positive effects from the pleiotropic functions of plasma Apn suggest that Apn over-expression slows aging. This is consistent with the longevity of tempospatially specific Apn-over-expressing transgenic mice (Combs et al., 2004; Otabe et al., 2007; Yamauchi, Kamon, Waki, et al., 2003b) , but is inconsistent with the embryonic lethality and adult sterility in ubiquitously Apn-over-expressing mice (Combs et al., 2004) . Nuclear Apn expression was detected in mouse germ cell precursors, PGCs (Figure 1b) , and in somatic cells surrounding PGCs. Apoptotic cell death induced by over-expression of Apn in germ cells or gonadal somatic cells causes sterility because of the poor development of germ cells in transgenic mice. An unexpected finding was that a monomeric form of APN/Apn was localized in the nuclei of human iPS/iRS and mouse ES cells regardless of the thermodynamic instability of the Apn monomer isoform (Shapiro & Scherer, 1998; . Post-translational glycosylation at lysine 68, 71, 80 and 104 was reported (Wang, Xu, Knight, Xu, & Cooper, 2002) to be involved in the assembly and secretion of HMW Apn (Wang et al., 2006) . Furthermore, cysteine 39 in mouse Apn and cysteine 36 in human APN play a role in multimerization (Pajvani et al., 2003) . Human monomeric Nu APN is truncated by the lack of Nt1-recognition site including cysteine 36 in APN (Figure 5a : Supporting Information Figure S3 ). To generate truncated APN/Apn, tissue-specific protease activity after neo-APN/Apn protein is synthesized in the cytoplasm and before multimerization is required (Figure 7 ). An unidentified enzyme catalyzing the truncation of APN/Apn protein may determine cellular localization and function. Furthermore, the missing N-terminal signal peptide may change the localization of APN/Apn from the cytoplasm to the nucleus. The importin α/β-dependent nuclear transport system is involved in nucleocytoplasmic shuttling. A cargo protein with a nuclear localization signal is recognized by importin α, and a ternary complex with importin β is formed. The cargo/importin α/β complex can enter the nucleus through interactions with the nuclear pore complex (Yasuhara, Oka, & Yoneda, 2009 ). Truncated but not intact APN/Apn can be selectively captured by the nuclear transporter in a tissue-specific manner (Yasuhara et al., 2007) . It remains unclear which nuclear transporter recruits truncated APN/Apn into the nucleus.
Apoptotic cell death in human iRS and mouse ES cells by over-expression of Nu APN suggests that nuclear APN/Apn controls apoptosis by its accumulation level. Caspase-independent apoptosis through the MEG3/miR-214/AIFM2 pathway is a consequence of the physiological reaction against aberrant cellular states in which considerable accumulation of nuclear APN/Apn occurs. AIFM2 is a homologue of AIF (apoptosis-inducing factor), which is a caspase-independent oxidoreductase located in the mitochondrial membrane (Susin et al., 1999) . Upregulation of AIFM2 induces chromosomal condensation and large-scale fragmentation by translocation from the mitochondria to the nucleus, which causes nuclear apoptosis (Figure 6f ). AIFM2 is down-regulated by the binding of miR-214-3p in the 3'-UTR of AIFM2 (Fan et al., 2017) , but the binding site of miR-214-3p to AIFM2 is elusive. miR-214-3p is down-regulated by the direct binding of long non-coding RNA (LncRNA) transcribed from MEG3 (LncRNA-MEG3; Fan et al., 2017) . Thus, similar to T-cell lymphoblastic lymphoma, the MEG3/miR-214/AIFM2 pathway plays a role in apoptotic cell death induced by overaccumulation of nuclear APN/Apn (Figure 6f ). Multimerization of APN/Apn disabling nuclear translocation may protect from apoptotic cell death of adipocytes by preventing overaccumulation of APN/Apn in nuclei.
Genome-wide gene expression analysis predicts that endogenous APN/Apn functions in post-transcriptional silencing by small RNAs, post-translational regulation of the adherens junction and chromatin remodeling by hSWI/SNF (Figures 6b and 7) . In addition, lysine degradation in the lysine catabolic pathway by KEGG, the Ras signaling pathway by Panther and XPodNet protein-protein interaction by the WikiPathways were discovered as pathways significantly related to the functions of Nu APN/Apn. MicroRNA-mediated post-transcriptional regulation is repeatedly listed in database analyses as related to APN/Apn functions. Upregulation of APN/Apn is associated with the upregulation of MEG3, which has a role in carcinogenesis, lipid metabolism and fibrotic disease by the regulation of several downstream microRNAs. Expression of LncRNA-MEG3 is regulated by Active chromatin
Cell-cell interaction
Post-transcription regulation miR-29 (Braconi et al., 2011) and miR-148a (Yan et al., 2014) through modulation of DNA methylation. APN/Apn overaccumulation in nuclei may induce hypomethylation of the MEG3 promoter, but it remains unclear how nuclear APN/Apn directly regulates the expression of MEG3 ( Figure  6f ). An increase in APN/Apn levels may contribute to longevity through anti-obesity and anti-inflammation effects in humans. Here, we showed a novel function of nuclear APN/ Apn as a survival gatekeeper different from plasma APN/ Apn, which impedes aging. Pharmaceutical and medical applications of APN should increase plasma APN without upregulating nuclear APN to increase human longevity.
| EXPERIMENTAL PROCEDURES
| Primary culture of somatic cells
For MEF generation, 12.5 dpc (days post coitum) embryos collected from ICR females (Japan SLC, Shizuoka, Japan) were disaggregated using a 2.5-ml syringe with an 18-gauge needle. MEFs were cultured in MEF medium (Yamaguchi, Hirano, Nagata, & Tada, 2011) . For primary culture cells from adult mice, organs and tissues collected by dissection of 8-week-old female ICR mice (Japan SLC) were minced with surgical scissors. Cells and cell clumps were cultured in MEF medium.
| Culture of pluripotent stem cells
Mouse R1 ES cells (Nagy, Rossant, Nagy, AbramowNewerly, & Roder, 1993) were maintained in ES cell medium on MEF feeder cells (Sun et al., 2014) . Human iPS and iRS cells were cultured on feeder-free Matrigel-coated dishes with MEF-conditioned iPS cell medium (CM; Teshigawara et al., 2016) . iRS cells were stably maintained in CM through subculture at a density of 1.0 x 10 6 cells per Matrigel-coated 10-cm dish and subcultured by dissociation with conventional trypsin (Gibco; Thermo Fisher Scientific, Waltham, MA). Human iRS cell was established cell line as pre-iPS cell by transduction of exogenous Oct4, Sox2, Klf4, c-Myc and DsRed genes (Teshigawara et al., 2016) . DsRed was a fluorescent marker for visualizing the activity of reprogramming factors, Oct4, Sox2, Klf4 and c-Myc. Exogenous DsRed was stably expressed in iRS cells under a maintaining state, in which reprogramming into iPS cells was paused. Exogenous DsRed was used as a marker for quantitative standardization of qPCR for micro-RNA transcription. For rescue experiments of cell death, hsa-miR-214-3p miRNA mimic or mock (100 pmol/ml; Abm, Vancouver, Canada) was transfected to Dox-inducible APN over-expression iRS cells with Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer's protocol, 60 hr before the beginning of Dox treatment. For induction of APN expression, 2 μg/ml Dox was administered in the culture of iRS and ES cells.
| Preparation of primordial germ cells
For isolation of PGCs, genital ridges of 12.5 dpc embryos collected from Oct4-GFP transgenic mice (Kimura et al., 2015) were pipetted in 0.05% trypsin/EDTA. After washing with phosphate buffer (PB1)/3 mg/ml bovine serum albumin (BSA) solution, PGCs re-suspended in DMEM with 10% FBS (Gibco) were sorted by GFP expression using FACS Aria II flow cytometry (BD Bioscience, Franklin Lakes, NJ). After rinsing with phosphate-buffered saline (PBS), purified PGCs dropped on slides were dipped in 1% paraformaldehyde (PFA) fixative in distilled water (DW; pH 9.2) containing 0.15% Triton X-100 and 3 mM dithiothreitol (Sigma-Aldrich, St. Louis, MO). The slides were incubated overnight at 4°C, washed in 0.4% Photo-Flo (Kodak, Rochester, NY) in DW and then dried.
| RT-PCR
Total RNA (10 μg) extracted from tissues and cultured cells using TRIzol (Invitrogen; Thermo Fisher Scientific) was treated with recombinant DNase I (Takara, Shiga, Japan) and used for cDNA synthesis following the manufacturer's instructions (Teshigawara et al., 2016) . Synthesized cDNA was PCR-amplified with Ex-Taq (Takara) using gene-specific primers. For quantitative RT-PCR (qPCR), THUNDERBIRD SYBR qPCR Mix (Toyobo, Osaka, Japan) was used according to the manufacturer's instructions. For microRNA qPCR, miScript II RT Kit (QIAGEN, Hilden, Germany) was used for reverse transcription with HiFlex buffer. cDNA was qPCR-amplified using miScript SYBR Green PCR Kit (QIAGEN) with the universal reverse and miRNA-specific primers according to the manufacturer's instructions. Relative gene expression levels were calculated after normalization to GAPDH (for conventional qPCR) or DsRed (for microRNA). Exogenous DsRed, which was stably expressed in all iRS cells, was used for standardization of the qPCR of microRNA, instead of unstable U6. The primer sequences are summarized in Supporting Information Table  S1 .
| Western blot hybridization
Whole cell extracts were prepared with lysis buffer without 2-mercaptoethanol (native) or with 10% 2-mercaptoethanol at 95°C (reduced; Kuroda et al., 2005 following the manufacturer's instructions. The protein concentration was measured using the DC ™ protein assay kit (Bio-Rad, Hercules, CA). Freshly prepared lysates were separated on 10% SDS-polyacrylamide gels and then blotted onto Immobilon polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA). Membranes were pre-hybridized with blocking solution and then probed with anti-Apn C-terminal-specific antibody 1 (Ct1; Sigma-Aldrich, Cat# A6354) diluted at 1:1,000 or anti-Apn N-terminal-specific antibody 1 (Nt1; MBL International, Cat# CY-P1031) diluted at 1:500 in 5% BSA in phosphate-buffered saline/0.1% Triton X-100 (PBST) overnight at 4°C. Membranes were incubated with a horseradish peroxidase (HRP)-linked anti-rabbit IgG secondary antibody (GE Healthcare, Chicago, IL, Cat# NA934) diluted at 1:1,000 in 5% BSA in PBST for 1 hr at room temperature. Non-specifically bound antibody was removed by washing with PBST six times for 10 min each. Bands were visualized by ImageQuant LAS 4010 using the ECL Prime Western Blotting Detection Reagents (GE Healthcare) according to the manufacturer's instructions.
| Construction of lentiviral vectors and infection
The plasmid TetO-FUW-APN was constructed by modifying the TetO-FUW-OSKM (Oct4, Sox2, Klf4, c-Myc; Carey et al., 2009 ) and replacing the OSKM sequence with the full coding sequence (CDS) of human APN using a ligation kit (Toyobo, Osaka, Japan) according to the manufacturer's protocol. The full APN CDS was constructed from total RNA human adipose tissue (Biochain, Newark, CA). With 10 μg of the packaging construct (pCAG-HIVgp) and 10 μg of VSV-G, the Rev construct (pCMV-VSV-G-RSV-Rev) and 17 μg of self-inactivating (SIN) lentiviral particles (TetO-FUW-APN or FUW-M2rtTA (Hockemeyer et al., 2008) were packaged into HEK 293 T cells. MEF cells (1 × 10 5 ) were co-infected with collected viral supernatant as described previously (Yamaguchi et al., 2009 ). The primer sequences are summarized in Supporting Information Table S1 .
| Construction and transfection of APN over-expression vector
The full CDS of human APN was inserted into the NheIBamHI site of a Dox-inducible vector pCW57.1 (Addgene plasmid #41393). The Dox-inducible pCW57.1-APN vector (50 μg) was electroporated into 1.0 × 10 7 of human iRS and mouse ES cells in a cuvette with a 4-mm electrode gap (Flowgen, Nottingham, UK) using Gene Pulser (Bio-Rad) at 250 V and 500 μF. Then, 5.0 × 10 6 cells were transferred onto MEF feeders in 10-cm dishes with ES medium for mouse ES cells, and feeder-free Matrigel-coated 10-cm dishes with MEF-conditioned iPS medium for human iRS cells. Cells were drug-selected with puromycin (2.0 μg/ ml for mouse ES cells and 0.5 μg/ml for human iRS cells; Invitrogen). The selection medium was changed every 24 hr. After cell expansion, clones were isolated using sterilized glass pipettes.
| Immunocytochemistry
Cultured cells were fixed with 4% PFA/PBS for 10 min at room temperature and then pre-treated with blocking solution (3% BSA, 2% skim milk (BD Bioscience) in PBST) for 1 hr at room temperature. PGCs were pre-treated with blocking solution (3% BSA in 0.1% Tween-20) for 1 hr at room temperature after permeabilization with 0.5% Triton X-100 for 15 min. Cells were immuno-reacted with anti-Apn antibody Ct1 (diluted at 1:500), Nt1 (diluted at 1:250) or anti-Apn Cterminal-specific antibody 2 (Ct2; diluted at 1:500; Novus, Cat# NB100-65810) overnight at 4°C, and then incubated with the secondary Alexa 488 (green; Cat# A-11008) or Alexa 546 (red; Cat# A-11010) anti-rabbit antibody (Thermo Fisher Scientific) diluted at 1:200 in blocking buffer for 1 hr. Samples were stained with DAPI and mounted with Slowfade Gold Antifade Reagent (Invitrogen).
| Alkaline phosphatase staining
Mouse ES cells were fixed with 4% PFA for 10 min at room temperature. Alkaline phosphatase enzyme activity in mouse ES cells was detected by treatment with 2:1:1 mixture of Fast Red TR (0.8 mg/ml)-Naphthol AS-MX phosphatase solution (4 mg/ml)-DW (Sigma-Aldrich) in the dark for 15 min following the manufacturer's instructions.
| Microarray
Labeled total RNA (1 μg) was hybridized with the Human Genome U133 plus 2.0 Array (Affymetrix; Thermo Fisher Scientific) according to the manufacturer's instructions. Heat map and scatter plot analyses were carried out as described previously (Teshigawara et al., 2016) . For pathway enrichment analysis, differentially expressed genes between Dox (−) and Dox (+) iRS cells (p < 0.05, fold change > 1.5) were selected and mapped to databases with Enrichr software. The top three enriched pathways were ranked by an Enrichr combined score (p < 0.05) as the relative value. The combined score "c" is defined as c = log(p) × z, where p refers to the p-value from the Fisher's exact test, and z is the z-score indicating the deviation from the expected rank.
| Statistical analysis
Bar graphs were presented as the mean ± SEM from at least three independent experiments. Two-tailed Student's t tests were carried out using Microsoft Excel software. The p-values were considered significant at *p < 0.05, **p < 0.01 and ***p < 0.001.
